Scaffold attachment factor A (SAF-A), also called heterogenous nuclear ribonuclear protein U (hnRNP-U), is phosphorylated on serine 59 by the DNA-dependent protein kinase (DNA-PK) in response to DNA damage. Since SAF-A, DNA-PK catalytic subunit (DNA-PKcs), and protein phosphatase 6 (PP6), which interacts with DNA-PKcs, have all been shown to have roles in mitosis, we asked whether DNA-PKcs phosphorylates SAF-A in mitosis. We show that SAF-A is phosphorylated on serine 59 in mitosis, that phosphorylation requires polo-like kinase 1 (PLK1) rather than DNA-PKcs, that SAF-A interacts with PLK1 in nocodazoletreated cells, and that serine 59 is dephosphorylated by protein phosphatase 2A (PP2A) in mitosis. Moreover, cells expressing SAF-A in which serine 59 is mutated to alanine have multiple characteristics of aberrant mitoses, including misaligned chromosomes, lagging chromosomes, polylobed nuclei, and delayed passage through mitosis. Our findings identify serine 59 of SAF-A as a new target of both PLK1 and PP2A in mitosis and reveal that both phosphorylation and dephosphorylation of SAF-A serine 59 by PLK1 and PP2A, respectively, are required for accurate and timely exit from mitosis.
A ccurate chromosome segregation during mitosis is vital for maintaining genomic stability. Critical to mitosis is the precise attachment of mitotic chromosomes to microtubule spindles. Failure of chromosome-kinetochore attachment leads to activation of the spindle assembly checkpoint (SAC), which prevents the anaphase-promoting complex/cyclosome (APC/C) from degrading cyclin B1 and securin, thus preventing progression from metaphase to anaphase and delaying exit from mitosis (1) (2) (3) . Also critical to faithful mitosis are the coordinated phosphorylation and dephosphorylation of a host of mitotic proteins (3) (4) (5) (6) (7) (8) . Consequently, mitotic protein kinases such as polo-like kinase 1 (PLK1), Aurora A (AurA), Aurora B (AurB), and Mps1 have attracted attention as potential anticancer drug targets, and inhibitors of mitotic protein kinases are currently being evaluated in clinical trials (9, 10) .
Our lab has a long-standing interest in the role of the DNAdependent protein kinase catalytic subunit (DNA-PKcs) in DNA double-strand break repair (11, 12) . DNA-PK phosphorylates multiple proteins in vitro, and in vivo, DNA-PKcs autophosphorylation is important for regulating nonhomologous end joining and DNA double-strand break repair pathway choice (reviewed in reference 11, 12, and 13) . Recently, we and others showed that DNA-PKcs also plays an important role in mitosis (14) (15) (16) (17) (18) . DNAPKcs localizes to mitotic spindles, and autophosphorylated forms of DNA-PKcs localize to centrosomes and the mitotic spindle as well as the midbody during cytokinesis. Moreover, small interfering RNA (siRNA) depletion of DNA-PKcs or inhibition of its protein kinase activity with highly selective inhibitors such as NU7441 led to increased misaligned mitotic chromosomes and lagging chromosomes (14) (15) (16) (17) . Furthermore, DNA-PKcs interacts with PLK1 in mitosis (14, 18) , and DNA-PKcs is phosphorylated on serine 3205 (S3205) by PLK1 in mitosis (14) . In addition, DNAPKcs interacts with protein phosphatase 6 (PP6) in both interphase and mitosis (14, 19) , and PP6 dephosphorylates T288 of Aurora A kinase, regulating its activity in mitosis (20) . These observations prompted us to search for potential DNA-PKcs substrates in mitosis.
One of the few proteins (apart from DNA-PKcs itself) known to be phosphorylated in a DNA-PK-dependent manner in response to DNA damage in vivo is scaffold attachment factor A (SAF-A), also known as heterogenous nuclear ribonucleoprotein U (hnRNP-U) (21, 22) . DNA damage-induced, DNA-PK-dependent SAF-A phosphorylation occurs on serine 59 (S59) (21, 22) ; however, the function of SAF-A S59 phosphorylation has not been addressed. SAF-A belongs to a family of ubiquitously expressed nuclear ribonucleoproteins and is involved in multiple cellular processes, including RNA splicing, mRNA transport, and mRNA turnover as well as transcription and protein translation (23) . Recently, SAF-A was shown to localize to mitotic spindles, the spindle midzone, and cytoplasmic bridges. Moreover, siRNA depletion of SAF-A induced mitotic delay and defects in chromosome alignment and spindle assembly, indicating new roles in mitosis (24) . SAF-A was also shown to interact with Aurora A and TPX2 (24) , and proteomics studies identified SAF-A as a component of mitotic spindles (25, 26) . Moreover, high-throughput mass spec-trometry screens showed that SAF-A S59 is highly phosphorylated (85% occupancy) in mitosis (5, 8) . These observations prompted us to ask whether SAF-A S59 is phosphorylated by DNA-PKcs in mitosis. We generated a phospho-specific antibody to SAF-A S59 and showed that, in keeping with high-throughput phosphoproteomics studies, SAF-A S59 is highly phosphorylated in nocodazole-treated mitotic cells. By immunofluorescence, we show that SAF-A phosphorylated on S59 localizes to centrosomes during prophase and metaphase, to mitotic spindles in anaphase, and to the midbody during cytokinesis. Our results also reveal that SAF-A is phosphorylated on S59 by PLK1 and dephosphorylated by protein phosphatase 2A (PP2A) in mitosis. Importantly, ablation of SAF-A S59 phosphorylation by mutation of S59 to a nonphosphorylatable amino acid (alanine) caused delayed passage through mitosis and resulted in misalignment of metaphase chromosomes, as well as in a high percentage of polylobed daughter cells. Moreover, incubation of cells expressing nonphosphorylatable SAF-A (SAF-A S59A) with either a microtubule poison that inhibits microtubule polymerization (nocodazole) or a clinically relevant antimitotic agent that stabilizes microtubules (paclitaxel [originally named taxol]) (27, 28) resulted in enhanced levels of APC/C targets securin and cyclin B1, suggesting that PLK1-dependent phosphorylation of SAF-A on S59 is required for progression from metaphase to anaphase and, consequently, mitotic exit. Mutation of SAF-A S59 to glutamic acid to mimic constitutive phosphorylation caused abnormal alignment of mitotic chromosomes and increased lagging chromosomes, as well as a slightly shorter time to traverse mitosis. Together, our studies identify SAF-A as a new target of PLK1 and PP2A in mitosis and reveal that PLK1-dependent phosphorylation of SAF-A is required for accurate and timely passage through mitosis.
MATERIALS AND METHODS
Reagents and antibodies. Microcystin-LR, bovine serum albumin (BSA), phenylmethylsulfonyl fluoride (PMSF), Tris base, EGTA, leupeptin, and pepstatin were purchased from Sigma-Aldrich. Inhibitors to DNA-PK (NU7441), ATM (KU55933), PLK1 (BI2536), Aurora A (Aurora A inhibitor 1), Aurora B (hesperadin), and cyclin-dependent kinse 1 (CDK1; RO3366) were from Selleck Chemicals. Antibodies to PP6c, and PP4c were purchased from Bethyl Laboratories. The antibody to Aurora A phospho-T288 was from Cell Signaling. Antibodies to PLK1, histone H3, securin, DNA-PKcs phospho-S2056, and Ku80 were from Abcam. The antibody to a fragment of recombinant DNA-PKcs (DPK1) was raised in-house and has been described previously (19) . The phospho-specific antibody to serine 10 of histone H3 was from Upstate Biotechnologies, and the antibody to TPX2 was from Novus. The antibody to cyclin B1 was from Santa Cruz. The phospho-specific antibody to T210 of PLK1 and the antibody to PP2A catalytic subunit (PP2Ac) were from BD Pharmingen, and the antibody to Aurora A (mouse) was from Serotec.
For total SAF-A, either a rabbit polyclonal antibody (Abcam number 20666) raised to the C-terminal region of hnRNP-U or a mouse monoclonal antibody (Abcam number 10297, monoclonal antibody 3G6) was used. Both antibodies recognized a major band running at approximately 125 kDa on SDS-PAGE. In some experiments, in particular when larger amounts of SAF-A were loaded onto the gel (for example, in immunoprecipitation experiments), an additional smaller band that migrated at approximately 110 kDa was observed (see Fig. 3 and 4) . We suspect that the smaller, ϳ110-kDa band is either an alternatively spliced form of SAF-A or a proteolytic degradation product. We also generated a phospho-specific antibody to SAF-A S59 in rabbits against the peptide EPGNG(pS)L DLGGC by GL Biochem (Shanghai) Ltd. The residue in parentheses corresponds to the phosphorylated serine. The C-terminal cysteine was added for coupling. This rabbit phospho-specific antibody was used in immunoblotting experiments. For immunofluorescence experiments, a mouse monoclonal antibody to SAF-A phospho-S59 (a kind gift from Patrick Calsou and Bernard Salles, Université de Toulouse, France) was used. This antibody was manufactured by Biotem (Le Rivier d'Apprieu, France) by using phosphopeptide EPGNGS(Ph)LDLGGDC as an antigen. Representative Western blots with molecular weight markers of wholecell extracts from mitotic cells are provided in the appendix in the supplemental material.
Cell culture. HeLa cells were maintained at 37°C under a humidified atmosphere of 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) (Invitrogen) supplemented with 5% (vol/vol) fetal bovine serum (FBS) (HyClone), 50 U/ml penicillin, and 50 g/ml streptomycin. MCF-7 cells were grown in the same medium as HeLa cells but with 10% serum. MRC5-SV cells in which endogenous SAF-A had been depleted by short hairpin RNA (shRNA) and replaced with shRNA-resistant FLAG-tagged wild type SAF-A (SAF-A WT), SAF-A with a mutation of S59 to alanine (S59A, phosphoablation), or SAF-A with a mutation of S59 to glutamate (S59E, phosphomimic) were grown in DMEM supplemented with 10% (vol/vol) FBS (HyClone), 50 U/ml penicillin, 50 g/ml streptomycin, and 0.1 mg/ml hygromycin as described previously (21) . Cells lines stably expressing FLAG-tagged SAF-A at approximately the same expression level as endogenous SAF-A were selected for further study (21) (also see Fig. S1A in the supplemental material).
Preparation of cell extracts and immunoblotting. Where indicated, cells were incubated in the presence of 40 ng/ml nocodazole for 16 h and harvested by mitotic shake-off. Briefly, nocodazole-containing medium was removed and the cells washed with 2 ml phosphate-buffered saline (PBS) and then dislodged by shake-off. Cells were centrifuged at 2,000 ϫ g for 5 min and then resuspended in fresh medium (without nocodazole) and returned to the CO 2 incubator for 35 min or the times indicated. Asynchronously growing cells were harvested using trypsin-EDTA solution. Preparation of NETN lysates and immunoblotting were carried out as described previously (14, 19) .
In some experiments, cells were incubated with nocodazole as described above for 15 h, protein kinase inhibitors were added at the concentrations indicated in the figure legends, and after 1 h, mitotic cells were collected by shake-off, as described above, then placed in nocodazole-free media containing the relevant protein kinase inhibitor and harvested after an additional incubation period of 35 min or as indicated in the figure legends.
In vitro phosphorylation of SAF-A by PLK1. FLAG-tagged SAF-A WT and SAF-A S59A were immunoprecipitated from NETN lysates of asynchronously growing MRC5-SV cells using an anti-FLAG M2 affinity gel (Sigma). Immunoprecipitations were carried out as described previously (14, 19) but with the addition of two washes of NETN buffer without NP-40 prior to kinase assays. Immunoprecipitated SAF-A WT or SAF-A S59A from 200 g whole-cell extract was incubated with the indicated amounts of purified, recombinant human PLK1 protein (a kind gift from James Hastie and Dario Alessi, University of Dundee) for 10 min at 30°C in kinase assay buffer (50 mM HEPES-NaOH, [pH 7.5], 75 mM KCl, 10 mM MgCl 2 , 0.2 mM EDTA, 1 mM dithiothreitol [DTT]) containing 0.25 mM ATP. Where indicated, the PLK1 inhibitor BI2536 was added (to 100 nM) prior to addition of ATP. Where indicated, SAF-A was dephosphorylated by incubation for 10 min at 30°C with either 200 units of lambda phosphatase (NEB) or an equivalent volume of buffer. Reactions were stopped by addition of SDS sample buffer, analyzed on SDS-polyacrylamide gels, and probed with antibodies to SAF-A phospho-S59 and total SAF-A as indicated. Because of cross-reactivity with IgG, when FLAGtagged SAF-A was immunoprecipitated with mouse anti-FLAG antibody, rabbit antibodies to both total SAF-A (Abcam number 20666) and phospho-S59 (generated in-house) were used in Western blotting.
siRNA transfection. SMARTpool siRNA oligonucleotides were purchased from Dharmacon (Lafayette, CO). HeLa cells were plated in antibiotic-free medium 24 h prior to transfection. Target siRNA or a scram-bled siRNA control (100 nM each) was transfected using Oligofectamine (Invitrogen) for PP4 and PP6 or Dharmafect (Dharmacon) for PP2Ac (isoforms alpha and beta), according to the manufacturer's instructions. Twenty-four hours after transfection, fresh medium was added, and 80 h after transfection, cells were either left untreated or incubated with 40 ng/ml nocodazole for 16 h and harvested as described above.
Flow cytometry assays. SAF-A WT, S59A, and S59E cells were either untreated or treated with 40 ng/ml nocodazole for 16 h, fixed, and prepared for flow cytometry analysis after propidium iodide staining (for G 1 , S, and G 2 phases) or histone H3 phospho-S10 staining (for late G 2 /mitosis) as described previously (14, 19) . Flow cytometry was carried out by the Cumming School of Medicine Flow Cytometry Facility as described previously (14, 19) .
Immunofluorescence. Cells were grown on poly-L-lysine-coated coverslips and analyzed by immunofluorescence using DAPI (4=,6=-diamidino-2-phenylindole), tubulin, or the indicated antibodies as described previously (14, 19) . For counting misaligned chromosomes, DAPI-stained metaphase cells with abnormal tubulin staining structures were identified visually and scored from populations of at least 200 cells. The percentage of cells in which metaphase chromosomes were not correctly aligned on the metaphase plate were scored as a percentage of total mitotic cells.
Live-cell imaging. Time-lapse imaging was carried out using a widefield restoration deconvolution-based fluorescence microscope (DeltaVision Core; GE Healthcare) equipped with a three-dimensional motorized stage, temperature-and gas-controlled environmental chamber, and a xenon light source. Z-stacks of 5-by 1-m images were collected using a 40ϫ/1.35 NA Plan-Apochromat oil objective and the appropriate filter set and recorded with a CoolSNAP charge-coupled device (CCD) camera (Roper Scientific). The microscope was controlled by SoftWorX acquisition and deconvolution software (Applied Precision). DNA was stained by incubating the cells for 20 min in medium containing 0.25 g/ml Hoechst no. 33342 (Sigma-Aldrich) and the medium replaced with phenol red-free DMEM prior to imaging.
Densitometry. Densitometric analysis of bands was performed using ImageQuant software (GE Healthcare).
Statistical analysis. P values were calculated using the Student t test. P values of less than 0.05 were considered statistically significant.
RESULTS

SAF-
A is phosphorylated on serine 59 in mitosis. SAF-A S59 in the sequence GNGSLDLGG ( Fig. 1A and B) has been reported to be phosphorylated in a DNA-PK-dependent manner in response to DNA-damaging agents in human cells (21, 22) . Serine 59 is conserved over several vertebrate species (Fig. 1B) , but the functional consequences of SAF-A S59 phosphorylation are not known. To determine the function of SAF-A S59 phosphorylation, we used MRC5-SV, a simian virus 40 (SV40)-transformed human fetal lung cell line, in which endogenous SAF-A had been replaced with either FLAG-tagged SAF-A (SAF-A WT), FLAGtagged SAF-A with a mutation of S59 to alanine (SAF-A S59A) for phosphoablation, or FLAG-tagged SAF-A in which S59 had been replaced with glutamic acid (SAF-A S59E) as a phosphomimic (21) . SAF-A was expressed at approximately the same level as endogenous SAF-A in all three cell lines (21) (see Fig. S1A in the supplemental material), and the three cells lines had approximately equal growth rates under asynchronous conditions (see Fig. S1B in the supplemental material).
To confirm results from high-throughput mass spectrometry screens (5, 8) , we immunoprecipitated SAF-A from nocodazoletreated cells and analyzed S59 phosphorylation by mass spectrometry. MRC5-SV cells expressing FLAG-tagged SAF-A WT (21) were incubated with nocodazole (40 ng/ml) for 16 h, harvested by mitotic shake-off, and, after incubation for 35 min in fresh medium (in the absence of nocodazole), lysed in NETN buffer as described in Materials and Methods and previously (14, 19) . Asynchronously growing cells were harvested by treatment with trypsin-EDTA followed by lysis in NETN buffer as described previously (14, 19) . FLAG-tagged SAF-A was immunoprecipitated from NETN lysates as described previously (14, 19) , and the band corresponding to SAF-A was excised from colloidal Coomassiestained SDS-polyacrylamide gels and analyzed by mass spectrometry as described previously (29) . A peptide containing phosphorylated serine 59 (S59) was greatly enhanced in digests from nocodazole-treated SAF-A samples (see Fig. S2 in the supplemen- Alignment of the amino acid sequence of human SAF-A/hnRNP-U surrounding serine 59 with those of other vertebrate species. Conserved residues are in bold. Serine 59 is boxed and indicated by an asterisk. The human sequence shown starts at residue 53 and extends to residue 71. The multiple-sequence alignment was performed using Clustal-omega. The accession numbers for the sequences used were as follows: human, Q00839.6; Pongo abelii (orang), XP_009244899.1; Pan troglodytes (chimpanzee), NP_001267207; Mus musculus (mouse), Q8VEK3; Rattus norvegicus (Norwegian rat), NP_476480.2; and Mesocricetus auratus (hamster), XP_005078211. (C) Specificity of the inhouse-generated rabbit phospho-specific antibody to SAF-A S59. Asynchronously growing MRC5-SV cells expressing FLAG-tagged wild-type SAF-A or SAF-A S59A were left untreated (Asy) or treated with 40 ng/ml nocodazole for 16 h (Noc). Nocodazole-treated cells were harvested by mitotic shake-off, whereas cells grown asynchronously were harvested with trypsin-EDTA. Cells were lysed using NETN lysis buffer containing 1% NP-40 with protease and protein phosphatase inhibitors. Fifty micrograms of whole-cell extract was run on an 8% acrylamide SDS gel and transferred to nitrocellulose, and blots were probed using a rabbit phospho-specific antibody to SAF-A S59 and antibodies to total SAF-A and cyclin B1 as indicated.
tal material), confirming that S59 is phosphorylated in nocodazole-treated, mitotic MRC5-SV cells expressing SAF-A.
To further characterize the phosphorylation of SAF-A during mitosis, we generated a phospho-specific antibody in rabbits to SAF-A phosphorylated on S59 (see Materials and Methods for details). To show specificity of this antibody, MRC5-SV cells stably expressing SAF-A WT or FLAG-tagged SAF-A S59A were either untreated or treated with nocodazole as described above. Cells were either harvested by incubation with trypsin-EDTA (when grown under asynchronous conditions) or collected by mitotic shake-off and harvested 35 min after removal of nocodazole. NETN extracts were generated and run on 8% acrylamide-SDS gels and probed with the phospho-specific antibody to SAF-A S59 and antibodies to total SAF-A and cyclin B1 (as an indication of mitosis) (Fig. 1C ). While some SAF-A S59 phosphorylation was detected in asynchronously growing cells (Asy), S59 phosphorylation was significantly enhanced in extracts from nocodazoletreated mitotic cells (Noc). The low level of S59 phosphorylation observed in asynchronously growing cells is likely due to the low percentage of cells in late G 2 and mitosis under normal growing conditions. Importantly, no phosphorylation was detected in cells expressing FLAG-tagged SAF-A S59A, confirming specificity of the phospho-specific antibody (Fig. 1C) .
To confirm mitotic phosphorylation of endogenous SAF-A (as opposed to phosphorylation of FLAG-tagged SAF-A), we also examined SAF-A S59 phosphorylation in HeLa cells ( Fig SAF-A serine 59 is phosphorylated by PLK1 in mitosis. To identify the protein kinase or kinases responsible for phosphorylating SAF-A on S59 during mitosis, HeLa cells were either untreated or treated with nocodazole as described above, but where indicated, protein kinase inhibitors were added to the medium at 15 h after addition of nocodazole, and cells were harvested by mitotic shake-off after an additional 1 h of incubation with nocodazole and protein kinase inhibitor. After shake-off, cells were allowed to recover in medium in the presence of protein kinase inhibitor but without nocodazole for 35 min, and then NETN lysates were generated and analyzed by immunoblotting as described above. Since DNA-PKcs phosphorylates SAF-A after DNA damage (21, 22) and DNA-PKcs' protein kinase activity is required for alignment of mitotic chromosomes and accurate mitoses (14, 15), we first asked whether inhibition of DNA-PK or the related protein kinase ataxia-telangiectasia mutated (ATM) reduced SAF-A phosphorylation in mitosis by incubating the cells with NU7441 (30) or KU55933 (31) to inhibit DNA-PK or ATM, respectively. Consistent with previous reports, NU7441 inhibited mitotic phosphorylation of DNA-PKcs on S2056 (14-17), but nei- We next incubated the mitotic cells with selective inhibitors of mitotic protein kinases PLK1 (BI2536), Aurora A (Aurora A inhibitor 1), or Aurora B (hesperadin). Inhibition of PLK1 reduced phosphorylation of SAF-A S59 by over 80% (82.3% Ϯ 1.5%, n ϭ 4), indicating that PLK1 is the major kinase responsible for phosphorylating SAF-A on S59 in mitosis (Fig. 2B, lane 3) . Consistent with our previous report, BI2536 also inhibited Aurora A-T288 phosphorylation (14) , consistent with PLK1 acting upstream of Aurora A (32). Inhibition of either Aurora A or Aurora B kinase activity also resulted in an approximately 50% decrease in SAF-A S59 phosphorylation; however, both inhibitors also reduced PLK1-T210 phosphorylation (Fig. 2B , lanes 4 and 5), suggesting that these protein kinases could be acting on SAF-A indirectly, by modifying PLK1 activity (Fig. 2B) . Inhibition of PLK1 using BI2536 also reduced SAF-A S59 phosphorylation in MCF7 cells (see Fig. S3 , lane 3, in the supplemental material), confirming a role for PLK1 in SAF-A S59 phosphorylation. As in HeLa cells, BI2536 did not completely eliminate SAF-A S59 phosphorylation in MCF7 cells, suggesting involvement of additional protein kinases (see Fig. S3 in the supplemental material).
Many PLK1 substrates require prior phosphorylation on a separate "priming" phosphorylation site by cyclin-dependent protein kinase, CDK1, prior to phosphorylation by PLK1 (33) . CDK1-dependent phosphorylation of a serine or threonine that is followed by a proline in the amino acid sequence S-S/T-P, where the serine (S) or threonine (T) that is targeted for phosphorylation is shown in bold, creates a binding site for the C-terminal polobinding domain of PLK1, targeting PLK1 to its substrate and facilitating phosphorylation of the substrate by PLK1 (33). To determine whether CDK1 was required for phosphorylation of SAF-A S59, we incubated HeLa cells with nocodazole and then added either BI2536 to inhibit PLK1 (Fig. 2C, lane 3) , the CDK1 inhibitor RO3366 (34) (Fig. 2C, lane 4) , or BI2536 plus RO3366 (Fig. 2C, lane 5 ). Extracts were processed and analyzed as described above. Incubation with either the PLK1 inhibitor BI2536 and/or the CDK1 inhibitor RO3366 significantly reduced mitotic SAF-A S59 phosphorylation (Fig. 2C ), supporting a model whereby CDK1 phosphorylates SAF-A and/or PLK1 to create a polo-box-binding motif that serves to activate PLK1 and/or facilitate PLK1-dependent phosphorylation of SAF-A on S59 in vivo.
PLK1 phosphorylates SAF-A on S59 in vitro. To determine whether PLK1 directly phosphorylates SAF-A on S59, SAF-A WT was immunoprecipitated from asynchronously growing MRC5-SV cells expressing FLAG-tagged SAF-A WT using a FLAG antibody and incubated either without (Fig. 3A, lane 1) or with increasing amounts of purified PLK1 protein (Fig. 3A , lanes 2 to 5). Samples were assayed under standard assay conditions and then run on SDS-polyacrylamide gels and immunoblotted for SAF-A phospho-S59 and total SAF-A as indicated (Fig. 3A) . Where indicated, the PLK1 inhibitor BI2536 was added to reaction mixtures to inhibit PLK1 activity (Fig. 3A, lane 6) . In lanes 7 and 8, after incubation with PLK1, samples were incubated with lambda phosphatase (Fig. 3A, lane 8) or buffer control (Fig. 3A , lane 7) prior to addition of SDS sample buffer to demonstrate phosphorylation specificity of the antibody. The results show that purified PLK1 phosphorylates SAF-A on S59 in vitro (Fig. 3) . Given our results showing that both CDK1 and PLK1 are required for SAF-A S59 phosphorylation in vivo (Fig. 2C) , we suspect that immunoprecipitated SAF-A may already be phosphorylated at the CDK1 priming site, prior to phosphorylation by PLK1. Alternatively, in vitro phosphorylation of SAF-A S59 by PLK1 may not require prior CDK1 phosphorylation. As an additional control for antibody specificity, in vitro assays were repeated but using SAF-A that had been immunoprecipitated from S59A expressing cells (Fig. 3B) . No S59 phosphorylation was observed when PLK1 was incubated with SAF-A that had been immunoprecipitated from MRC5-SV cells expressing SAF-A S59A (Fig. 3B, lanes 4 to 6) , again confirming specificity of the phosphoantibody.
In each experiment, immunoprecipitation of FLAG-tagged SAF-A with a mouse monoclonal antibody followed by immunoblotting with either a rabbit polyclonal antibody or a rabbit phos- (lanes 2 to 5, respectively). Lanes 6 to 8 contained 2 g purified PLK1. In lane 6, the PLK1 inhibitor BI2536 was added to reaction mixtures (final concentration, 100 nM) prior to addition of PLK1. All reactions were stopped by addition of SDS sample buffer, and samples were run on SDS-PAGE and analyzed by Western blotting using the rabbit phospho-specific antibody to S59 and a rabbit polyclonal antibody to total SAF-A (Abcam number 20666). The band corresponding to full-length SAF-A runs at ϳ125 kDa. The faster-migrating band, running at ϳ110 kDa, indicated by the asterisk, likely represents either an alternatively spliced or a proteolytically cleaved form of SAF-A. In lanes 7 and 8, samples were incubated with lambda phosphatase buffer (lane 7) or lambda phosphatase (200 units) (lane 8) for 10 min prior to addition of SDS sample buffer and SDS-PAGE. (B) SAF-A WT or SAF-A S59A was immunoprecipitated from asynchronously growing MRC5-SV cells and incubated with purified PLK1 as described in Materials and Methods. Reactions were analyzed by SDS-PAGE followed by Western blotting and probed for SAF-A S59 phosphorylation and total SAF-A as indicated for panel A. The two bands crossreacting with the SAF-A antibody are as in panel A. Fig. 3 ). Both bands cross-reacted with both the phospho-specific antibody to SAF-A pS59 and the rabbit polyclonal antibody to total SAF-A (Fig. 3A and B) . The UniProt database (http://www.uniprot.org/uniprot/Q00839) reports that SAF-A/hnRNP-U exists in two splicing variants, a longer form of 825 amino acids and a shorter form of 806 amino acids that lacks residues 213 to 231. We suspect that both forms are immunoprecipitated by the anti-FLAG antibody. Alternatively, the smaller, ϳ110-kDa band may represent a proteolytically cleaved form of SAF-A. Regardless of the nature of the two bands, our results clearly show that PLK1 phosphorylates SAF-A on S59 in vitro.
SAF-A interacts with PLK1 in mitosis. Given that SAF-A is phosphorylated by PLK1 on S59 in mitosis (Fig. 2 ) and in vitro (Fig. 3) , and SAF-A has been reported to interact with Aurora A and TPX2 in mitosis (24), we asked whether SAF-A interacts with PLK1 and whether this interaction is disrupted in cells in which S59 has been ablated. SAF-A WT and SAF-A S59A cells were grown under asynchronous conditions (Fig. 4, lanes 2 and 6) , or treated with nocodazole (40 ng/ml for 16 h) and then placed in nocodazole-free medium and harvested after 1 or 2 h (Fig. 4, lanes  1, 3, 4 , 5, 7, and 8). SAF-A was immunoprecipitated using a mouse anti-FLAG antibody, and immunoprecipitates were run on SDSpolyacrylamide gels and probed with rabbit antibodies to SAF-A, PLK1, TPX2, and Aurora A as indicated. In control samples, nocodazole-treated cells were harvested 2 h after release from nocodazole and immunoprecipitated with an equivalent amount of control IgG antibody (Fig. 4, lanes 1 and 5) . Fifty micrograms of extract was also run on SDS-PAGE and probed with the antibodies as shown in the lower panels (Fig. 4, inputs) . Our results show that SAF-A WT interacts with PLK1 and that this interaction is not ablated in cells expressing SAF-A S59A (Fig. 4) . Our results also confirm a previous report that SAF-A interacts with TPX2 and Aurora A (24), and again this interaction was not disrupted by ablation of S59. As in Fig. 3 , immunoprecipitation of FLAGtagged SAF-A using a mouse monoclonal antibody to FLAG, followed by Western blotting with a rabbit polyclonal antibody to total SAF-A resulted in two bands of approximately 125 and 110 kDa. In contrast, straight Western blotting of samples (without immunoprecipitation by FLAG antibody) using the mouse monoclonal antibody to SAF-A resulted in a single band migrating at 125 kDa (Fig. 4, inputs) .
Given that many PLK1 substrates are also phosphorylated by CDK1 to create a priming/binding site for the polo-box motif (PBM) of PLK1 (33), we also asked whether inhibition of PLK1 and/or CDK1 would affect the interaction of PLK1 with SAF-A. For these experiments, SAF-A WT cells were grown under asynchronous conditions or treated with nocodazole as described above. After 15 h, the PLK1 inhibitor BI2536 (100 nM) and/or the CDK1 inhibitor RO3366 (20 M) was added to cells, and then the cells were harvested as described above and incubated in the absence or presence of kinase inhibitors and SAF-A was immunoprecipitated as described above (see Fig. S4 in the supplemental material). Incubation with neither the PLK1 inhibitor BI2536 alone nor the CDK1 inhibitor RO3366 alone disrupted the interaction of SAF-A with PLK1, TPX2, or Aurora A; however, addition of both PLK1 and CDK1 inhibitors caused a decrease in the amount of interacting PLK1 and Aurora A, and inhibition of CDK1 alone reduced the amount of Aurora A that interacted with SAF-A (see Fig. S4 in the supplemental material) . However, we speculate that apparent loss of interactions in the presence of inhibitors of both PLK1 and CDK1 may in part reflect blocked entry into mitosis, as suggested by the low levels of total Aurora A and cyclin B1 observed under these condition (see Fig. S4 , lane 6, inputs, in the supplemental material).
Phosphorylation of SAF-A S59 after DNA damage in nocodazole-treated mitotic cells is PLK1 dependent. SAF-A S59 is phosphorylated in a DNA-PK-dependent manner after DNA damage (21, 22 ) (see Fig. S5A in the supplemental material). Since we show here that the same site is also phosphorylated by PLK1 in vitro and in a PLK1-dependent manner in mitosis, we asked whether DNA-PK or PLK1 would phosphorylate SAF-A if DNA damage was administered in mitosis. HeLa cells were either left untreated (see Fig. S5B , lanes 1 and 6, in the supplemental material) or treated with 40 ng/ml nocodazole for 15 h (Fig. S5B , lanes 3, 4 , 5, 7, and 8) or under asynchronous conditions (lanes 2 and 6). The nocodazole was washed away, and cells were placed in nocodazole-free medium and harvested after either 1 h (lanes 3 and 7) or 2 h (lanes 1, 4, 5, and 8). SAF-A was immunoprecipitated using anti-FLAG beads, and samples were washed, run on SDS-PAGE, and analyzed by immunoblotting using the antibodies indicated. Samples in lanes 1 and 5 were from immunoprecipitates using an equivalent amount of IgG and protein G-Sepharose beads as a control. The lower panels show Western blots for 50 g of protein for each immunoprecipitate. For immunoblotting of immunoprecipitates, a rabbit antibody to SAF-A was used. For inputs, a mouse monoclonal antibody to SAF-A was used. The two bands cross-reacting with the SAF-A antibody are as in Fig. 3A . The asterisk in the immunoblot for Aurora A indicates a cross-reacting band, likely immunoglobulin.
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2 to 5 and 7 to 10). One hour prior to mitotic shake-off, cells were treated with either 8 M NU7441 (to inhibit DNA-PK) (lanes 3, 5, 8, and 10) or 100 nM BI2536 (to inhibit PLK1) (lanes 4, 5, 9, and 10). Cells were harvested by mitotic shake-off and either treated with 10 Gy irradiation (lanes 6 to 10) or not irradiated (lanes 1 to 5). All cells were left to recover in medium without nocodazole for 35 min, with inhibitors added where appropriate (lanes 3 to 5 and 8 to 10). NTEN lysates were prepared, 50 g of lysate was run on SDS-polyacrylamide gels with various percentages of acrylamide, and immunoblots were probed with various antibodies as indicated in Fig. S5B . As expected, DNA-PKcs S2056 phosphorylation was DNA-PK dependent after nocodazole alone and also after nocodazole treatment followed by irradiation (see Fig. S5B, lanes  3, 5, 8, and 10) . In contrast, SAF-A S59 phosphorylation was largely PLK1 dependent in mitosis (lane 4) and in nocodazoletreated cells that were subsequently irradiated (lane 9); however, the presence of residual phosphorylation after inhibition of both PLK1 and DNA-PKcs (see Fig. S5B, lane 10) , suggests that other protein kinases may also contribute to SAF-A S59 phosphorylation after DNA damage in mitosis.
SAF-A phospho-S59 localizes to centrosomes, the midzone, and the midbody in mitosis. To examine the localization of endogenous SAF-A S59 phosphorylation during mitosis, we performed immunostaining in asynchronously growing HeLa cells using a SAF-A S59 phospho-specific monoclonal antibody raised in mice (a kind gift from Patrick Calsou and Bernard Salles, Université de Toulouse) and costained for either TPX2, Aurora A phospho-T288, or Aurora B (Fig. 5A , B, and C, respectively). SAF-A phospho-S59 (green) localized to centrosomes in prophase and metaphase cells, to the midzone in anaphase, and to the midbody in cytokinesis (Fig. 5A, B, and C) . SAF-A pS59 colocalized with TPX2 at metaphase spindles (Fig. 5A ) and with Aurora A pT288 at the spindles in prophase, metaphase, and anaphase (Fig.  5B) . Diffuse staining that partially overlapped with Aurora B staining at the midzone in anaphase was also observed (Fig. 5C ). Incubation with a blocking peptide corresponding to the amino acid sequence surrounding S59 [EPGNG(pS)LDLGGC] blocked the signal from the SAF-A phospho-S59 antibody in immunofluorescence (see Fig. S6 in the supplemental material), and no significant staining was seen when cells expressing SAF-A S59A were probed with the SAF-A pS59 phospho-specific antibody (see Fig.  S7 in the supplemental material), confirming antibody specificity. Moreover, incubation with the PLK1 inhibitor BI2536 abrogated SAF-A S59 phosphorylation, confirming the requirement of PLK1 for SAF-A S59 phosphorylation in vivo (see Fig. S8 in the supplemental material).
Either ablation of SAF-A Ser 59 or introduction of a phosphomimic induces defects in mitosis. In order to investigate the functional significance of the mitotic, PLK1-dependent phosphorylation of SAF-A on S59, we compared alignment of metaphase chromosomes in MRC5-SV SAF-A WT cells with those in cells expressing SAF-A S59A (phosphoablation) or SAF-A with mutation of S59 to glutamate (S59E) (phosphomimic). In SAF-A WT cells, 76% of the cells at metaphase had properly aligned chromosomes with a properly formed bipolar spindle; however, cells expressing either SAF-A S59A or SAF-A S59E had a dramatically higher level of misaligned chromosomes with abnormal bipolar spindles (83% and 93% in SAF-A S59A and S59E, respectively), implying that either inability to phosphorylate SAF-A S59 (S59A) or constitutive phosphorylation of SAF-A (S59E) compromises accurate mitoses (Fig. 6) .
To further explore the effects of SAF-A S59 phosphorylation on mitosis, we compared the cell cycle profile and the mitotic index (percentage of histone H3 pS10-positive cells) of SAF-A WT cells to those of sells expressing SAF-A S59A and S59E using fluorescence-activated cell sorting (FACS). In the absence of nocodazole, the percentages of cells in G 1 , S, and G 2 were similar in the three cell lines examined (Fig. 7A) . As expected, nocodazole resulted in an increase in the percentage of cells in G 2 (by propidium iodide staining) in all cell lines compared to the same cell lines in the absence of nocodazole (compare Fig. 7B and A) . There were no significant changes in the percentage of cells in G 1 after nocodazole treatment (4.46% Ϯ 1.95% in WT, 2.22% Ϯ 0.79% in S59A [P ϭ 0.112] and 4.91% Ϯ 2.81% in S59E [P ϭ 0.051]) (see Table  S1 in the supplemental material). A small but significant increase in the proportion of cells in G 2 in nocodazole-treated SAF-A S59A cells compared to SAF-A WT cells was observed (71.03% Ϯ 5.00% in SAF-A WT cells compared to 77.51% Ϯ 6.081% in SAF-A S59A cells; P ϭ 0.025), and a trend toward a decreasing number of cells in G 2 in SAF-A S59E cells compared to SAF-A S59A cells was observed (however, it was not statistically significant) (77.51% Ϯ 6.081% in S59A cells compared to 65.36% Ϯ 7.39% in SAF-A S59E cells; P ϭ 0.059) ( Fig. 7B ; see Table S1 in the supplemental material). However, nocodazole-treated cells expressing the phosphomimic, SAF-A S59E, showed a significant decrease in H3 phospho-S10-positive cells (decreasing from 28.70% Ϯ 1.83% in WT to 18.04% Ϯ 2.90% in S59E; P ϭ 0.0002) (Fig. 7C) . We reasoned that this decrease in H3 pS10-positive/mitotic cells in SAF-A S59E cells might indicate that the cells were either stalled in early G 2 or had slipped through to the subsequent G 1 or S phase. However, the introduction of the SAF-A S59E mutation did not result in a detectable increase in the percentage of cells in either G 1 phase (4.46% Ϯ 1.95% in WT to 4.91% Ϯ 2.81% in S59E; P ϭ 0.812) or S phase (24.50% Ϯ 3.24% in WT compared with 29.73% Ϯ 6.87% in S59E; P ϭ 0.103) by propidium iodide staining after nocodazole treatment (Fig. 7B) . In addition, a trend toward a decrease in the percentage of cells in G 2 was observed in cells expressing the S59E mutation but again was not statistically significant (71.03% Ϯ 5.0% in WT compared to 65.36% Ϯ 7.39% in S59E; P ϭ 0.147) (see Table S1 in the supplemental material). We speculate that the S59E mutation may induce cell death or polyploidy or have other consequences that were not detected in our assays.
To further investigate the functional significance of S59 phosphorylation, mitotic progression was directly visualized in MRC5-SV cells expressing SAF-A WT, SAF-A S59A, or SAF-A S59E in the absence of nocodazole. Live cells were stained with the cell-permeative DNA dye Hoechst 33342 and imaged every 10 min for 24 h, using minimal light exposure, to capture chromosome condensation and segregation. The average time from initial chromosome condensation (prophase) to mitotic exit in SAF-A WT cells was found to be 95 min ( Fig. 8A and D) . The majority of mitotic events that were observed were normal, with only a small fraction of cells displaying abnormal chromosome organization in the form of lagging chromosomes (Fig. 8E and F) . In contrast, the period from prophase to mitotic exit in SAF-A S59A cells was significantly longer, averaging 137 min (Fig. 8B and D) . This increase was primarily due to a prolonged prophase-to-anaphase transition (108 Ϯ 6.8 min in S59A versus 60 Ϯ 3.7 min in WT cells), which is suggestive of chromosome alignment defects. Consistent with this, the SAF-A 59A daughter cells demonstrated an increased prevalence of segregation defects ( Fig. 8E and F; see Fig.  S9 in the supplemental material), with lagging chromosomes observed in 50% of cells (17/34) and a large proportion (85%) containing polylobed nuclei (29/34) (Fig. 8E and F) . SAF-A S59E cells showed a slightly faster mitotic progression than SAF-A WT cells (85 min in S59E versus 95 min in WT), governed primarily by a decreased prophase-to-anaphase transition (52 Ϯ 1.7 min, versus 60 Ϯ 3.7 min in WT cells). The SAF-A S59E daughter cells also showed defects in mitosis, with 71% containing lagging chromosomes (12/17) and 18% containing polylobed nuclei (3/17) ( Fig.  8E and F) . Videos of live-cell imaging results for cells expressing SAF-A WT, S59A, and S59E are provided in Fig. S9 in the supplemental material.
Thus, the results from live-cell imaging show that preventing SAF-A S59 phosphorylation (S59A) significantly increases the time that cells require to progress through mitosis, particularly the prophase-to-anaphase transition, during which chromosome alignment is established prior to segregation. Conversely, blocking dephosphorylation of SAF-A (S59E phosphomimic mutation) slightly reduced the duration of mitosis, although this decrease was not statistically significant. In addition, the live-cell imaging results show that replacement of WT SAF-A with either S59A or S59E had significant effects on mitotic outcome, in terms of misaligned chromosomes and abnormal nuclear morphologies ( Fig.  8 ; see Fig. S9 in the supplemental material) . Together, these results suggest that regulated phosphorylation (i.e., both phosphorylation and dephosphorylation) of SAF-A on S59 is critical for accurate chromosome segregation and exit from mitosis.
Cyclin B1 and securin levels are elevated and prolonged in nocodazole-and paclitaxel-treated cells expressing SAF-A S59A. We considered that results from in vivo imaging were consistent with ablation of S59 phosphorylation (S59A) activating the SAC to produce a more robust checkpoint (i.e., more cells in mitosis), while expression of the phosphomimic (S59E) caused a less efficient SAC (i.e., fewer cells in mitosis). If this was the case, we would expect that cells expressing SAF-A S59A would have reduced APC/C-mediated activity and thus elevated levels of cyclin B1 and securin, while cells expressing SAF-A S59E would show enhanced APC/C activity and lower levels of cyclin B1 and securin. To explore further the mechanism by which SAF-A phosphorylation regulates the timing of mitotic progression and to determine whether disruption of SAF-A phosphorylation has consequences that could be attributable to disruption of APC/C function, MRC5-SV cells expressing WT SAF-A, SAF-A S59A, or SAF-A S59E were treated with nocodazole (40 ng/ml) for 16 h to inhibit microtubule/kinetochore attachment, activate the SAC and arrest cells in mitosis. Mitotic cells were then harvested by shake-off and allowed to recover in fresh medium (without nocodazole) to allow release from mitosis. Cells were harvested either immediately (0 h) or 0.5, 1, 2, and 4 h after release from nocodazole and lysed using NTEN lysis buffer in the presence of protein phosphatase inhibitors and protease inhibitors. Fifty micrograms of each extract was run on gels of various percentages and probed for cyclin B1 and securin. Levels of cyclin B1 and securin were elevated in nocodazole-treated cells expressing SAF-A S59A compared to in cells expressing wild-type SAF-A. Conversely, cyclin B1 and securin levels were lower in cells expressing SAF-A S59E than in cells expressing WT SAF-A (Fig. 9) . These results are consistent with results from live-cell imaging and suggest that blocking S59 phosphorylation (expression of S59A) prolongs mitosis by activating the SAC and/or inhibiting the APC/C, while expression of SAF-A S59E, to mimic constitutive and irreversible S59 phosphorylation, prevents activation of the SAC, allowing activation of the APC/C and degradation of cyclin B1 and securin.
To confirm these results, we repeated the experiment in cells incubated with paclitaxel, which induces activation of the SAC and mitotic arrest through stabilization of microtubules, rather than inhibiting microtubule attachment (27, 35) . Again, levels of cyclin B1 and securin were elevated in paclitaxel-treated cells expressing SAF-A S59A and decreased in cells expressing S59E, compared to the case in cells expressing wild-type SAF-A (see Fig. S10 in the supplemental material), adding further support for our hypothesis that SAF-A S59 phosphorylation is required for efficient activation of the SAC and/or inhibition of the APC/C. SAF-A is dephosphorylated by PP2Ac during mitosis. Given that both ablation of SAF-A S59 phosphorylation (S59A) and introduction of a phosphomimic (S59E), which mimics constitutive phosphorylation and/or inability to dephosphorylate SAF-A S59, had significant effects on mitosis ( Fig. 7 and 8 ), we deemed it important to identify the protein phosphatase that dephosphorylates S59 in mitosis. SAF-A interacts with both Aurora A and TPX2 in mitosis (24) (confirmed in Fig. 4 ). Since PP6 dephosphorylates Aurora A on T288 in the activating T loop during mitosis (20) and PP6 interacts with DNA-PKcs (19) and dephosphorylates DNAPKcs in mitosis (14), we first asked whether PP6 was responsible for dephosphorylating SAF-A S59 in mitosis. The PP6 catalytic subunit (PP6c) was depleted from HeLa cells using siRNA, and at 80 h posttransfection nocodazole was added to the cells and left for 16 h. Mitotic cells were isolated by shake-off, and cells were left to recover in fresh medium without nocodazole for the times indicated. Despite depletion of PP6c by approximately 90%, compared to that in cells transfected with control siRNA, the levels of SAF-A S59 phosphorylation did not change significantly after PP6 depletion, indicating that PP6 is not responsible for dephosphorylating S59 during mitosis (see Fig. S11 in the supplemental material). Of note, the level of Aurora A pT288 phosphorylation in the siRNA PP6-depleted cells was enhanced compared to that in control cells, confirming a previous report that PP6c contributes to dephosphorylation of Aurora A in mitosis (20) .
We next examined the effects of depleting the PP2A-like protein phosphatases PP2Ac and PP4c on SAF-A S59 phosphorylation in mitosis. As can be seen in Fig. S12 in the supplemental material, the knockdown level of PP4c was again very efficient (approximately 90%) compared to that in control cells (lower band on blot). However, neither SAF-A S59 nor Aurora A T288 phosphorylation changed significantly in the absence of PP4c. In striking contrast, siRNA depletion of the PP2A catalytic subunit (PP2Ac) resulted in increased and sustained phosphorylation of SAF-A at S59 in nocodazole-treated cells (Fig. 10) . Together our data reveal that SAF-A is phosphorylated on S59 by PLK1 and dephosphorylated by PP2A in mitosis and that phosphorylation of SAF-A on S59 is required for efficient mitotic exit in nocodazoleand paclitaxel-treated human cells (Fig. 11) .
DISCUSSION
SAF-A (also called hnRNP-U) is a member of the hnRNP family of proteins and has been implicated in multiple nuclear processes. It is also phosphorylated in a DNA-PK-dependent manner after DNA damage (21, 22) . Recently, a new role for SAF-A in mitosis Table S1 in the supplemental material. (B) MRC5-SV cells expressing either FLAG-tagged SAF-A WT, SAF-A 59A, or SAF-A 59E were incubated with nocodazole (16 h, 40 ng/ml), harvested using trypsin-EDTA, and then stained with propidium iodide and analyzed by FACS as for panel A. The results show the average from five biological replicates. Statistical significance was determined by Student's t test. P values of Ͻ0.05 were considered statistically significant. Additional analysis of data is shown in Table S1 in the supplemental material. (C) MRC5-SV cells expressing either FLAG-tagged SAF-A WT, SAF-A 59A, or SAF-A 59E were incubated with nocodazole and collected by trypsinization, as described for panel B. The percentage of cells in mitosis was measured by flow cytometry after histone H3 phospho-S10 staining. The percentage of mitotic cells shown represents the average from five biological replicates. Error bars represent the standard deviation. Statistical significance was determined using Student's t test. P values of less than 0.05 were considered statistically significant. Additional analysis of data is shown in Table S1 in the supplemental material. Douglas et al. was described (24) . SAF-A was reported to form a complex with Aurora A and TPX2 in mitosis, and depletion of SAF-A resulted in a delay in exit from mitosis (24) . However, neither the molecular mechanism by which SAF-A function is regulated in mitosis nor the role of SAF-A S59 phosphorylation in mitosis or after DNA damage has been addressed.
Here we show that SAF-A is dynamically phosphorylated on S59 in mitosis, confirming and extending results from quantitative high-throughput proteomics screens (5, 8) . We show that PLK1 phosphorylates SAF-A on S59 in vitro and that mitotic phosphorylation of SAF-A on S59 requires PLK1 activity in vivo (Fig. 2  and 3 ). The canonical PLK1 consensus site has been defined as (D/E)Xp(S/T)(FLIYWVM), where X is any amino acid and p indicates the phosphorylated serine (36) . At first glance, the amino acid sequence surrounding SAF-A S59 (PGNGpSLDLGGD) does not correspond to a canonical PLK1 consensus. However, a recent unbiased phosphoproteomics screen for PLK1 substrates in mitosis (8) revealed additional PLK1 consensus motifs, including NXp(S/T), where the N at position Ϫ2 was essential for PLK1 phosphorylation. Interestingly, the amino acid sequence surrounding S59 of SAF-A conforms to this novel PLK1 consensus sequence (PGNGpSLDLGGD). Together these data suggest that S59 is a direct target of PLK1 in mitosis in vivo. However, we note that inhibition of PLK1 alone did not completely abrogate SAF-A S59 phosphorylation, and additional mitotic protein kinases such as Aurora A and B may also contribute to SAF-A S59 phosphorylation in mitosis (Fig. 2B) . We also show that incubation with the CDK1 inhibitor R03366 blocked SAF-A S59 phosphorylation in nocodazole-treated cells and decreased S59 phosphorylation remaining after inhibition of PLK1 with BI2536 (Fig. 2C) . Many PLK1 substrates require prior phosphorylation on a priming site by CDK1 (33) . PLK1 contains two C-terminal polo-box domains (PBDs) that interact with phosphorylated polo-box motifs (PBMs) either in PLK1 itself or in its interacting partners and substrates (37, 38) . The optimal binding sequence for the PBM is S/T-pS-P, where pS represents a serine that is phosphorylated either by PLK1 itself (self-priming) or a proline-directed protein kinase, such as a cycle-dependent kinase (CDK) (non-self-priming) (37, 38) . It is therefore interesting to note that serine 4 of SAF-A contains a putative PBM sequence (MSSSPVN) and serine 4 is highly phosphorylated (75% occupancy) in mitosis (5, 39) . Thus, we speculate that phosphorylation of SAF-A by CDK1, possibly on S4, could create a PBM that could promote interaction with PLK1 and consequent phosphorylation on S59. Our finding that inhibition of CDK1 with RO3366 inhibits SAF-A S59 phosphorylation supports this hypothesis (Fig. 2C) . Experiments to , and 59E cells were grown to 70% confluence, and extracts were prepared from either asynchronously growing cells or cells treated with nocodazole (40 ng/ml for 16 h) and harvested by mitotic shake-off either immediately (0 h) or at various times after placement in fresh, nocodazole-free medium as indicated. Fifty micrograms of total protein from NETN extracts was run on SDS-polyacrylamide gels and transferred to nitrocellulose, and blots were probed with the indicated antibodies. The antibody to SAF-A was a mouse monoclonal antibody. Bands corresponding to cyclin B1 and securin were quantitated and normalized to total Ku80 and are graphically shown below gels on the left, and right, respectively. Results are representative of 3 separate experiments. See Fig. S10 in the supplemental material for similar results with the microtubule stabilizer paclitaxel. Douglas et al. identify putative CDK1-dependent priming phosphorylation sites in SAF-A are in progress.
Although SAF-A S59 has been identified as a mitotic phosphorylation site in numerous phosphoproteomics studies, it was not identified as a target of PLK1, Aurora A, or Aurora B by highthroughput phosphoproteomics studies (8) . As shown in Fig. 2 , although PLK1 accounts for approximately 80% SAF-A S59A phosphorylation, Aurora A, Aurora B, and CDK1 also play a role in SAF-A S59 phosphorylation, and thus we speculate that the involvement of multiple mitotic protein kinases in SAF-A S59 phosphorylation in vivo may have resulted in a lower score in SILAC, placing SAF-A S59 phosphorylation below the cutoff for identification as a PLK1 or Aurora substrate in high-throughput screens.
We also show that SAF-A interacts with PLK1 in mitosis and confirm an earlier study reporting an interaction of SAF-A with TPX2 and Aurora A (24) . However, none of these interactions required SAF-A S59 phosphorylation, as all three interactions were seen in cells expressing SAF-A S59A (Fig. 4) . We were unable to determine whether the S59E mutation affected interaction of SAF-A with PLK1, TPX2, or Aurora because this mutant protein did not immunoprecipitate efficiently (data not shown). Experiments to determine whether inhibition of PLK1 or CDK1 (to eliminate potential PLK1-or CDK1-mediated phosphorylation sites in SAF-A) suggested that inhibition of PLK1 alone had no effect on the SAF-A/TPX2/Aurora A interaction, while inhibition of CDK1 alone reduced the amount of Aurora A but not PLK1 or TPX2 that immunoprecipitated with SAF-A. Together, our results suggest that SAF-A may be phosphorylated by multiple protein kinases in mitosis, the regulation of which may be complex. Indeed, multiple mitotic phosphorylation sites have been detected in SAF-A, in addition to S59 (5, 8) ; however, neither the function of these phosphorylation events nor the kinase(s) responsible for their phosphorylation is known.
SAF-A has been reported to localize to mitotic spindles, the spindle midzone, and cytoplasmic bridges (24) . Using a phosphospecific antibody to SAF-A S59, we extend these studies to show that SAF-A phospho-S59 localizes at centrosomes in prophase and metaphase, at spindle microtubules in anaphase, and at the midbody in cytokinesis. How SAF-A localization in mitosis is regulated and whether phospho-SAF-A interacts with different partners at different subcellular locations to regulate mitosis remains to be determined.
Our results also show that MRC5-SV cells expressing either SAF-A S59A (phosphoablation) or S59E to mimic constitutive/ irreversible phosphorylation exhibit multiple mitotic defects. MRC5-SV cells expressing either SAF-A S59A or S59E exhibited a large increase in the number of cells with misaligned mitotic chromosomes (Fig. 6) , and the percentage of cells expressing histone H3 pS10, a marker of early mitosis (40) , was decreased in nocoda- HeLa cells were treated with 100 nM siRNA scrambled control or siRNA to PP2A catalytic subunit (PP2Ac, alpha and beta isoforms). Eighty hours after transfection, 40 ng/ml of nocodazole was added, and the cells were returned to the incubator for a further 16 h. Cells were harvested by mitotic shake-off and left to recover in fresh medium (without nocodazole) for the times indicated. 
FIG 11
Model describing SAF-A S59 phosphorylation in mitosis SAF-A interacts with PLK1, and SAF-A S59 is phosphorylated in a PLK1-dependent manner in nocodazole-treated mitotic cells. SAF-A S59 phosphorylation also requires CDK1, possibly by phosphorylation of SAF-A on an unidentified PLK1 priming site (indicated by a question mark); however, S59 was not required for interaction of SAF-A with PLK1, Aurora A, or TPX2. SAF-A S59 is dephosphorylated by PP2A for cells to proceed from metaphase into anaphase and subsequently exit mitosis. The PP2A catalytic subunit interacts with a scaffolding A subunit and one of multiple B subunits. The PP2A-B subunit required for SAF-A S59 dephosphorylation in mitosis in not known. Inability to phosphorylate SAF-A S59 blocks degradation of cyclin B1 and securin, suggesting that SAF-A S59 phosphorylation is required for activation of the E3 ubiquitin ligase APC/C/E2 complex required for cyclin B1 and securin degradation. Alternatively, inability to phosphorylate SAF-A S59 may prevent activation of the SAC, causing misaligned mitotic chromosomes and polylobed nuclei in mitosis.
zole-treated cells expressing SAF-A S59E (Fig. 7) . Also, live-cell imaging, in the absence of nocodazole, revealed that cells expressing SAF-A S59A took longer to proceed from prophase to anaphase and that cells with either phosphoablation (S59A) or phosphomimic (S59E) had increased lagging chromosomes (compared to WT), while cells expressing SAF-A S59A had a dramatic increase in polylobed nuclei ( Fig. 8; see Fig. S9 in the supplemental material). These results suggest that SAF-A S59 phosphorylation is required for multiple events in mitosis.
Live-cell imaging results showing an increased time from prophase to anaphase in cells expressing S59A (Fig. 8 ) is in keeping with the presence of increased levels of cyclin B1 and securin in S59A-expressing cells and less expression of either cyclin B1 or securin in S59E-expressing cells that had been exposed to either nocodazole (Fig. 9) or paclitaxel (see Fig. S10 in the supplemental material) and may suggest that S59 phosphorylation of SAF-A is required for activation of the APC/C and/or to prevent activation of the SAC (Fig. 11) . Experiments to determine how SAF-A S59 phosphorylation is required for progression from prophase to anaphase and degradation of cyclin B1 and securin are in progress.
Perhaps less well explained is why cells expressing S59E showed a significant decrease in histone H3 phospho-S10 staining in nocodazole-treated cells (Fig. 7C) but not a significant decrease in time taken to traverse mitosis, by live-cell imaging (Fig. 8 ). We speculate that the different results may be a reflection of the different methodologies used in the two assays, i.e., flow cytometry in the presence of nocodazole with histone H3 phospho-S10 staining (Fig. 7C ) versus live-cell imaging in the absence of nocodazole (Fig. 8) . Also, we noted that S59E cells were more prone to phototoxicity-induced death during live imaging than either WT or S59A cells; therefore, we speculate that S59E cells could be more sensitive to nocodazole, perhaps triggering cell death pathways. Regardless, both methodologies show that either ablation (S59A) or introduction of a phosphomimic (S59E) have significant effects on the percentage of cells in mitosis and/or mitotic timing.
We also show that cells expressing either SAF-A S59A or SAF-A S59E have increased levels of lagging chromosomes and that cells expressing SAF-A S59A have increased polylobed nuclei, suggesting multiple defects in chromosome segregation (Fig. 8) . Together, our results point to the importance of both phosphorylation and dephosphorylation of SAF-A S59 in the regulation of mitosis. In this regard we show that SAF-A S59 is dephosphorylated by protein phosphatase PP2A in mitosis (Fig. 10 ). PP2A plays a critical role in regulation of mitotic exit (41) (42) (43) . Our study adds SAF-A S59 as a new PP2A target in mitosis. Further work will be required to determine how dephosphorylation of SAF-A S59 by PP2A contributes to regulation of mitotic exit and to identify the appropriate PP2A-B subunit involved.
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